Mitigating ground effect becomes a big challenge for autonomous aerial vehicles when they are flying in close proximity to the ground. This paper aims to develop a precise model of ground effect on mini quadcopters, provide an advanced control algorithm to counter the model uncertainty and, as a result, improves the command tracking performance when the vehicle is in the ground effect region. The mathematical model of ground effect has been established through a series of experiments and validated by a flight test. The experiments show that the total thrust generated by rotors increases linearly as the vehicle gets closer to the ground, which is different from the commonly-used ground effect model for a single rotor vehicle. In addition, the model switches from a piecewise linear to a quadratic function when the rotor to rotor distance is increased. A control architecture that utilizes the model reference adaptive controller (MRAC) has also been designed, where MRAC is added to the altitude loop. The performance of the proposed control algorithm has been evaluated through a set of flight tests on a mini quadcopter platform and compared with a traditional proportional-integral-derivative (PID) controller. The results demonstrate that MRAC dramatically improves the tracking performance of altitude command and can reduce the rise time by 80% under the ground effect.
Introduction
Multi-rotor aerial vehicles become popular over the past few years due to its high maneuverability and vertical takeoff and landing capabilities. There are growing interests in using this hardware platform for transportation and delivery services (CNN 2017; Muoio 2017; Momont 2014) . Small multi-rotor unmanned aerial vehicles (UAV), e.g. quadcopters, have also been widely used in aerial photography and site surveying in which these vehicles are flying in proximity to humans. On the other hand, the high popularity of these aerial vehicles raise concerns about the safety, especially when they are flying at very low altitude and near the ground. For a rotorcraft, an accident is likely to happen during takeoff and landing phases when the vehicle enters or leaves the ground effect region (Cheeseman and Bennett 1957) , which may cause property damages as well as vehicle crashes. In this paper, we study the ground effect on a mini quadcopter and look for a solution to guarantee the safe operation and good performance when the vehicle is flying near the ground.
Ground effect on aerial vehicles is a widely studied topic due to its potential benefits and dangers, and the effect varies significantly in flights due to several factors, including the distance from ground, type of ground, and vehicle's speed. It is at close proximity to the ground where the efficiency of the rotor system increases (Handbook 2012) . The ground effect can be viewed as the momentum change in a control volume that is bounded with streamlines. The streamlines near the ground are turning around and changing the vertical direction to the rotor disk to the parallel direction with the ground. These streamlines near the ground are similar to a jet flow in which 1 3 the flow velocity is increased with the reduced exit area. The increased velocity at the exit of the control volume translates to the increased thrust on the rotor disk in the context of the control volume theory. The vehicles that take the advantage of ground effect have been designed in Chapman and Wright (1983) , Komissarov and Gordon (2010) . Meanwhile, there are a lot of accidents due to ground effect, from incidents to fatal accidents (Van Es 2005; Sorensen 2016; Rayner 2016; Gallo 2013; Lemishko 2014) .
When analyzing the ground effect, an empirical model is more preferred than a computational fluid dynamics (CFD) modelling, which can be very complex for a multirotor due to the flow interaction between the rotors. Besides, a CFD simulation is not suitable for a real-time control because we have to repeat the analysis at different conditions which can be extremely time-consuming. Thus, we decide to use a data-driven model in this paper. The mathematical model of ground effect has been well developed for fixed-wing aircrafts (Staufenbiel and Schlichting 1988) and helicopters (Pulla 2006; Johnson 2012) . The fundamental ground effect model for a single rotor has been proposed by Cheeseman and Bennett (1957) such that where F is the actual thrust in the ground effect region, F 0 is the nominal thrust outside the ground effect region, R is the radius of rotor disk, and Z is the distance of rotor plane above the ground. The equation holds true at a constant rotor speed. However, it was developed from a single rotor helicopter and may not be suitable for multi-rotor aircrafts. There have been many researches showing that the ground effect on quadcopters is stronger than what Cheeseman's model predicts (Powers et al. 2013; Davis et al. 2015) . When two rotors are close to each other, the interaction between airflows will induce a stronger ground effect which is called the fountain effect (Sharf et al. 2014; Griffiths et al. 2005; Bangura et al. 2012) . A simulation of this effect on quadrotors was presented by Sanchez-Cuevas et al. through computational fluid dynamics (Sanchez-Cuevas et al. 2017) . Danjun et al. (2015) proposed an coefficient in the Cheeseman's model to correct the difference between a quadcopter and a helicopter, considering the unpredictable airflow influences among the rotors They found out the ground effect is stronger than that in Eq. (1) and still measurable when Z∕R = 4 , compared to the result from Cheeseman's model which states that the ground (1)
effect is significant up to Z∕R = 1.5 . He et al. (2017) presented another model to capture a wider range of the height where a and b are coefficients that depend on the geometry of the blade as well as the separation distance between two rotors. They claimed that the maximum ground effect ratio has a finite value 1.7 when Z / R approaches zero. In Sanchez-Cuevas et al. (2017) , a complex ground effect model on quadrotors has been characterized and validated through the experimental tests. They also identified the partial ground effect which the ground effect only occurs on part of the rotors. Besides, a visual feedback was used in Ryan and Kim (2012) to model the external disturbance during the experiment and a support vector regression was utilized to predict the ground effect force. Bernard et al. (2017) characterized the ground effect in a dynamic sense for quadrotors. They accessed the effect of distance from ground on the dynamics of individual rotor as well as the overall attitude motion of the platform. However, none of these papers study the ground effect on a mini quadcopter, which has a much smaller separation distance between the rotors, and may induce more interference of airflow in proximity to the ground. In this paper, we build up a test platform and obtain a mathematical model of ground effect on a mini quadcopter through experiments (see Sect. 2). Considering the small size of a mini quadcopter, we also study the ground effect under different separation distances between rotors. The results are compared to the single rotor model described in Eq. (1). The obtained model is validated by a flight test and used for designing the control algorithm to mitigate the ground effect.
The simple tasks on quadcopters, such as stabilizing at a stationary point or moves at low speed, have been successfully implemented by linearizing the system and applying a PID (Salih et al. 2010) or a LQR controller (Castillo et al. 2005) . The PID controller has also been successfully tested on a multi-rotor aerial platform while its overhanging robotic arm is moving (Ruggiero et al. 2015) . By using a multi-layer control architecture and nonlinear controls considering its nonlinear nature, the trajectory following and aggressive maneuvering problems have also been addressed recently (Ferrin et al. 2011; Lee et al. 2010) . Although these controllers perform really well in designed conditions, they suffer performance losses in the presence of model uncertainties. It is because these controllers have constant parameters designed for determined models and conditions, thus any changes to the model will cause a performance degradation.
The concerns about uncertainty bring renewed interests in adaptive control techniques (Krstic et al. 1995; Ioannou ( 
and Sun 1996), of which the gain is able to vary in flight according to adaptive laws. In Suicmez and Kutay (2014) , the optimal path tracking problem has been solved by using a linear quadratic tracking (LQT) algorithm with a varying gain in time. The proposed algorithm is robust to model uncertainty and external disturbance. Raffo et al. (2010) used a nonlinear H ∞ controller with the assistance of a model predictive controller to solve path following problems, under structural and parametric uncertainties. In Palunko and Fierro (2011) , an adaptive tracking controller was applied on a quadcopter and they proved its great tracking performance with center of gravity (CoG) shifted in flight. The adaptive controller has already been used to address the model uncertainty caused by ground effect. In Roy and Suman (2013) , a nonlinear adaptive backstepping controller was used to control the altitude of a small-scale helicopter during takeoff and landing while a horizontal wind gust is present. In He et al. (2017) , the authors designed an adaptive nonlinear disturbance observer (ANDO) to enhance the PID controller. The settling time with ANDO implemented was largely reduced in the simulation, however the experimental validation is lacking. Also, the ANDO was added into the inner loop which may cause an issue for the platform with limited computing power. Researchers in Emran et al. (2015) implemented a MRAC to assist an existing PI heave-velocity stabilizer, where changes in mass greatly reduced the system performance. Their result shows that the proposed controller is able to retain its performance when the mass of quadcopter changes in flight.
We propose a similar MRAC in this paper which helps to handle the thrust uncertainty caused by ground effect. The MRAC is added to the z direction along with the original PID position controller in the outer loop. Two different reference models have been selected to match the system uncertainty. One is a polynomial function and the other one is a set of radial basis functions. The performances are evaluated through a series of flight tests and the results are compared to a pure PID controller. The major contribution of this paper is that we first obtain a linear ground effect model for a mini quadcopter through experiments. We also study the influnece of separation distances between rotors on the ground effect and find out a transition from linear to quadratic model when the distance is long enough. Then, a control architecture which utilizes MRAC is developed and implemented on a real platform. The MRAC is added to the altitude loop to overcome the ground effect and its performance is evaluated through a set of flight tests. We demonstrate that our controller dramatically outperforms a traditional position controller in tracking the altitude command when the vehicle is in the ground effect region.
The rest of the paper is organized as follows: the hardware platform is introduced in Sect. 2. In Sect. 3, we describe our ground effect experiment and provide a mathematical model. Sect. 4 presents the control architecture used in this paper, and the model reference adaptive controller used to counter the model uncertainty. The flight test results on a real quadcopter are given in Sect. 5. Lastly, we summarize our result and discuss the future research direction in Sect. 6.
Hardware platform

Quadcopter
The aerial vehicle we used in this paper is Crazyflie 2.0 from Bitcraze with additional components as shown in Fig. 1 . The laser-cut frame is made of 1∕16 �� thickness acetal resin sheet which can provide enough strength. The reflective markers, together with the Optitrack, a motion capture system, are used to track the vehicle's position and orientation. The reflective markers are attached through plastic slotted screws which are glued to the designed holes on the base frame. The entire structure is tightened with rubber bands at four arms. The Crazyflie 2.0 communicates with the computer over a Crazyradio. The control over the vehicle can be extended through a modified firmware onboard.
A 3D model was created in Solidworks after measuring the dimension and weight of each piece. The total mass m and the length of arm L were read directly, while the moment of inertia I xx , I yy and I zz , were calculated using the Solidworks Toolbox. The values of these parameters can be found in Table 1 . The motor force constant k f has an important role in studying the ground effect thus was determined from an experiment. In the experiment, we increased the throttle manually from 0 to 100% in an increment of 10%. The corresponding motor signal (pulse-width modulation signal, PWM) and the thrust generated by one rotor were recorded. Fig. 1 The Crazyflie 2.0 with five reflective markers and a laser-cut frame. The reflective markers are installed through plastic slotted screws and the entire structure is tightened through rubber bands 1 3
A linear model was fitted to the data and relate PWM signal to the thrust. The slope of the linear model was determined as k f . The motor moment constant k m was obtained from Landry et al. (2015) and related to PWM signal as well; the motor constant ratio was calculated by k m ∕k f .
Ground effect platform
In a ground test, the total trust is measured by a digital scale, on which the quadcopter is placed upside down with a 3D-printed support. The support elevates the quadcopter from the scale by three times the diameter of its rotor, such that the intake air flows freely without interfered. Then we place the scale on a flat platform and attach a ultrasonic sensor to its upper surface. The ultrasonic sensor is used to measure the distance from platform to the reference ground. The data collection and filtering are processed through a micro-controller (Arduino UNO) connected to the sensor. The ultrasonic sensor is calibrated before the experiment. The test rig is shown in Fig. 2 . To emulate a ground effect in-flight and measure the corresponding thrust, we place the test rig under a long flat table and atop of a 3D printed platform jack. We can adjust the height of platform jack by turning the knob on it. Since the quadcopter is placed inversely and the thrust is acting downwards, the long table emulates the reference ground and we are able to measure the ground effect at different heights by adjusting the platform jack. A sketch of the above platform is shown in Fig. 3 .
Ground effect model
This section presents our experimental result for a ground effect model of Crazyflie 2.0. A good understanding of ground effect is desired to compensate ground effect in controller design. Most of the existing models on quadcopter are still based on the single rotor relation described in Eq. (1). We want to verify its correctness on a real quadcopter and study how the total thrust varies when the mini quadcopter is in close proximity to the ground. We start with a ground test and validate our result through a flight test.
Ground effect experiment
Using the platform described in Sect. 2.2, we successfully measured the thrust F at different distances above the ground. The reading from ultrasonic sensor Z sensor is converted to Z actually based on the calibration result. Z actually is then subtracted by the distance between ultrasonic sensor to the Crazyflie's rotors to obtain the distance from the rotors to the table, Z. The PWM value is set to a fixed value during the experiment. We adjusted the distance at an increment of 1 cm and recorded the data until the distance reaches 20 cm. (1) a Crazyflie 2.0 quadcopter, (2) a 3D-printed support, (3) an ultrasonic sensor, (4) a digital scale, (5) a flat platform, and (6) a Arduino UNO microcontroller Fig. 3 A sketch of our platform to measure the ground effect. The thrust is measured by a scale and the distance to the reference ground, which is adjusted by a 3D-printed platform jack, can be measured by a ultrasonic sensor
After that, we relocated the test platform and measured the thrust F 0 outside the ground effect. The radius of the rotor R can be measured directly. We conducted the experiment in two different situations, one is that only two motors (motor 1 and 3, rotate counterclockwise) are active and the other one is when all four motors are active. Due to the size of the landing gear, the minimum value of Z / R is larger than 1. The result is presented in next section.
Experiment results
The normalized thrust and distance, F∕F 0 and Z / R, are computed based on experimental results and plotted in Figs. 4 and 5. Figure 4 shows the result for two active propellers (M2 and M4 spinning in the same direction), while Fig. 5 for four active propellers. For both configurations, as the vehicle approaches the ground, F∕F 0 increases from 1 to 1.15 and higher. That means more thrust is generated at close proximity to ground and is an indication of ground effect. We observed an exponential trend for the two-propeller case, where the vehicle experiences a 5% increase in thrust while it is two times its rotor's radius away from the ground. A similar model to Eq. (2) is fitted to the dataset, which is
On the other hand, the four-propeller case shows a linear trend, and the vehicle only needs to reach three times its rotor radius to experience the same magnitude of increase in thrust. The linear model we got is As a comparison, we put the above two models and the single rotor model into one figure (See Fig. 6 ). Though the (4)
two-rotor case shows a similar exponential pattern as the single rotor relation, we find it experiences more ground effect (bigger value of F∕F 0 indicates a more ground effect experienced), while the four-rotor case shows a totally different pattern from the other two. The explanation is that when rotors are in close proximity, the jet flow from a rotor near the ground is blocked by the opposite jet flow from the other rotor. The blockage creates a recirculation between multi-rotors so that the exit velocity in the control volume is reduced. This recirculation and disturbance of flows are considered as the interactional aerodynamics between multiple rotor wakes and it becomes much stronger for four rotors than for two rotors. The significant reduction in the lift near the ground for four rotors is revealed as the linear behavior in the ground effect. In order to confirm that the discrepancy is caused by the actual aerodynamics not the experiment error, we conduct a flight test to verify the data collected in the ground experiment. The flight test is designed to let a quadcopter start from a height of Z / R ≈ 10, which is outside of the ground effect region, and then descend to the ground slowly and through multiple steps. During each step, the vehicle hovers for 10 s at certain altitude. Motor's PWM signal, altitude, and weight of the vehicle are recorded during the test. To ensure that the (5) vehicle is hovering stable without any vertical motion, we only use the data from the second half of the 10-s duration, where the net force is approximately zero. The thrust with ground effect, F, in this case, is the weight of the vehicle and the thrust without ground effect, F 0 , is calculated using the recorded PWM and the theoretical thrust equation as follows:
where k f is the motor force constant we found in Sect. 2.1. The in-flight relation of F∕F 0 and Z / R is plotted in Fig. 7 and compared with ground test result. The flight test result agrees with the ground result that they both show a linear pattern when Z / R is smaller than 4.4, and the thrust will increase when the vehicle gets closer to the ground.
Considering the dimension of a mini quadcopter we used, the geometry may have a large effect on the additional thrust. Thus, we conducted another experiments to discover the effect of different rotor distances on a mini quadcopter. The 3D printed pieces are used to extend the motor arm length while keeping the geometry under the rotor plane the same, so it will only change the separation distance between rotors. We increased each arm length by 5 mm, 10 mm, 15 mm, 20 mm, 25 mm so that the rotor distance was increased by 10 mm, 20 mm, 30 mm, 40 mm, 50 mm, respectively. Then we measured the thrust and distance in a similar way as what we did before and compared the result with the original platform (0mm represents for the original platform). We used the equation and correction coefficient in Eq. (2) to fit our two rotor data. The goodness of fit of each model is given in Table 2 , where a larger correction coefficient indicates a stronger ground effect. As we can see, when increase the arm length, the ground effect becomes less significant (if we neglect the 15 mm). The coefficient decreases from 3.3 to 2.7 when
we increase the distance between the rotors. The results for 10 mm and 50 mm are plotted in Fig. 8 when only two rotors are active.
For the four rotor case, we compared the error fitted by two models (1) a quadratic function similiar to Eq. (2) and (2) a piecewise linear function similar to Eq. (5), and we chose the one with a larger R 2 as the fitted model for different rotor distances. The goodness of fit of each model is provided in Table 3 . Based on the result, when the rotor distance increment is smaller than 30 mm, a piecewise linear model fits better than the quadratic one. However, the difference of two models becomes smaller and smaller when the rotor distance increment gets closer to 30 mm. When the length is equal and greater than 30mm, the ground effect translates from piecewise linear to a quadratic model. The results for 10 mm and 50 mm are plotted in Fig. 9 when four rotors are active. By increasing the separation distance between rotors, we find out that the ground effect becomes quadratic when the rotor distance is large enough and the interactional aerodynamic effect is reduced. In order to understand the detailed physics of the ground effect for multiple rotors and interactional aerodynamics, high-fidelity CFD simulations are suggested to be performed for multiple rotors in close proximity to each other. However, this task is out of the scope of this paper.
Control architecture
In this section, a set of nonlinear equations obtained from Newton-Euler equations are linearized about the hovering state and used to decouple the system. Then we proposed a multi-layer control architecture to stabilize the vehicle and satisfy the waypoint tracking requirement. In the inner loop, we use a LQR full state feedback controller plus a feedforward controller to stabilize the quadcopter as well as track the attitude command. In the outer loop, a PID controller is designed for position control in x, y, and z, while a MRAC is added to z loop to mitigate the ground effect when the vehicle is in close proximity to the ground. We provide the details for each controller in the following sections.
Equation of motion
The nonlinear dynamics equations of the quadcopter are obtained from Newton-Euler equations:
where is the external force acting on the vehicle, m is the mass of the body, is the velocity vector, is the external moments, is the 3 × 3 moment of inertia matrix and is the angular velocity vector. In this paper, we assume that the cross product terms in moment of inertia matrix are zeros (only use I xx , I yy and I zz ). The nonlinear differential equations are linearized about the hovering equilibrium state, and thus we decouple the position dynamics and attitude dynamics successfully. The attitude dynamics is provided in Eq. (9) and the position dynamics is given in Eq. (10). 
LQR feedback + feedforward attitude controller
We used a full state LQR feedback controller to stabilize the vehicle and reject the disturbances. The LQR feedback controller takes the vehicle's current Tait where k , k , k , k T are the attitude loop feedforward gains for roll, pitch, yaw angle and throttle, respectively. The
combination of the feedback and feedforward controllers leads to a total control output in Eq. (13).
The feedforward gains can be calculated by enforcing the closed-loop DC gains equal to one in order to ensure the command following. The feedforward gains, k , k , k , should be equal to the inverse of corresponding DC gains of diagonal entries for the closed-loop transfer function matrix. Note that the attitude dynamic equations does not include thrust, so we set k T equal to one. Using the attitude dynamics model in Eq. (9), we designed the attitude controller by creating a model in Matlab. The system is simulated with a step input. Different weighting matrices and have been tried and we selected the one with the best performance based on the system crossover frequency, steady state error, and the overshoot. The result is provided in Table 4 . Table 5 . The model we created in Matlab includes the position dynamics coming from Eq. (10), a second order actuator model, which has a bandwidth of 10 Hz and a damping ration of 1, and the desired PID controller. In order to accelerate the tuning process, we neglect the inner loop here since the DC gain of inner loop has a much faster frequency than the outer loop. The best coefficients are selected to achieve zero steady state errors as well as the overshoots.
PID + MRAC position controller
Although a pure PID controller can perform well for most of the time, it suffers when the quadcopter is in proximity to the ground due to the ground effect. Thus, we add a model reference adaptive controller to our position controller. MRAC has the advantage of adjustable parameters and a mechanism to update those parameters on-line, which ensures that the system states follow the model states even with the presence of uncertainties and external disturbances. In MRAC, we consider an unknown matched system uncertainty, F( ) added to the original linearized system Eq. (15), which can be written as a linear combination of N provided locally Lipschitz-continuous basis functions, ( ) , with unknown constant coefficients, in Eq. (16).
We define a reference model as a system ( , ) with desired performance, and the state tracking error, * to be the difference between the real model states and reference model states. The control input is calculated to mitigate the system uncertainty as follows, where ̂ is the estimated unknown constant coefficients for the matched uncertainty. And a radially unbounded quadratic Lyapunov function candidate is selected to be:
where =̂− , P is the solution to algebraic Lyapunov equation for the reference model (
is the rate of adaption. By differentiating Eq. (18) on both sides, and keep V < 0 satisfied to ensure Lyapunov stability, the adaptive law is derived in Eq. (19) and updated We find the reference model through system identification by assuming that the system behaves consistently with or without the presence of ground effect. We record the states when the quadcopter is hovering at different heights (except the ground effect region), and use a second order state space model to fit the data by using Matlab System Identification Toolbox. The identified model is provided in Eq. (20) and is used as our reference model for a desired performance.
With the reference model, now we need to provide the system states dependent functions, ( ) to be used in Eq. (16), which F( ) represents for the ground effect. Here, we consider two possible F( ) : (1) a polynomial function and (2) a set of radial basis functions (RBF).
-Polynomial functions: We obtained a linear relation between the thrust in the ground effect region and the distance from the ground in Sect. 3, which can be written in the form of F = 1 Z + 0 . One simple way to select the regressor and coefficient is that
The will be estimated on-line by adaptive law using Eq. (19). And = 10 −3
⋅ I 2×2 , and Q = [100, 0; 0, 1] are selected to ensure that the system states follow the reference states without oscillation. -Radial basis functions: A RBF (x, c) is a real-valued function symmetric about its center c. And a linear combination of these functions can be used to approximate the given function in different fields (Gomes and Fig. 10 The control architecture of the system Medeiros 2015; Rad et al. 2014) . In this paper, we use a series of Gaussian RBFs along with a bias term to approximate the ground effect, where ⋅ I 7×7 , and Q = [100, 0; 0, 1] are selected. The control output from position controller will be the sum of PID output and MRAC output in Eq. (26). As a result, the combination of proposed position controller and attitude controller forms the control architecture used in this paper. The system block diagram of our controller is shown in Fig. 10 and its performance is tested and described in the next section.
Experiments and results
This section presents the experiment setup to implement our control architecture proposed in previous section. A series of flight tests have been conducted and the results are provided to evaluate the performance of MRAC controller. We made a comparison between the pure PID controller and our modified controller, demonstrated the impact of ground effect on the vehicle, and verified that our control architecture improves the system performance.
Experiment setup
The proposed control architecture has been implemented in our test platform and the system diagram is provided in Fig. 11 . The system composes two major parts, a ground station and a Crazyflie 2.0, while they are connected through a
CrazyRadio PA running at 2.4 GHz. The attitude controller is written in a C program and has been flashed to the microcomputer on the Crazyflie. The attitude control algorithm is running onboard at 500 Hz, and sending PWM commands to four motors. The embedded system also includes an IMU data processing unit, and a state estimator (a complementary filter) provided by the stock firmware running at 1000 Hz, which form the inner loop altogether. In the outer loop, a waypoint generator and the position controller are implemented in a Robot Operating System (ROS) running on a Linux computer. ROS is able to handle the interface between the components and communication with the vehicle. The position controller is implemented in C and running at 200 Hz. The commanded state is created by a waypoint generator implemented in Python and running at 50 Hz. The estimated positions and yaw angle are returned by our motion capture system, OptiTrack, which is running at 240 Hz. The source code is available at Github: https ://githu b.com/fjctp /crazy flie_mrac. A series of experiments have been conducted to evaluate the proposed control architecture. Two different uncertainty models (a linear model and RBFs model) have been implemented in our experiments and the performances are compared to a pure PID controller. The results are presented as follows.
Experiment results
To verify that the MRAC has the same performance as a pure PID controller when the vehicle is out of the ground Fig. 12 The altitude response when the vehicle is completely outside the ground effect region effect region, we first conducted an experiment to see the altitude response when it's high enough above the ground. The vehicle is commanded to take off at 0.5 m ( Z∕R ≈ 22 ) above the ground and hover for a certain time to ensure it has reached the steady state. We sent a target position 6.2 cm higher than the current position to simulate the takeoff pattern for 20 s and then commanded the vehicle to descend back to 0.5 m to simulate the landing pattern for the next 20 s, and we recorded its altitude response. The result is plotted in Fig. 12 . As we can see, three controllers have similar altitude responses when the vehicle is completely outside the ground effect region.
To see the influence of ground effect on the altitude tracking performance, we repeated the experiment. But this time, we commanded the vehicle to take off to 6.2 cm ( Z∕R ≈ 4 ) above the ground and then land for multiple times so that the entire flight is under the ground effect. The altitude tracking performance is plotted in Fig. 13a , where the vehicle's altitude responses for all three controllers are compared against the target altitude and reference altitude used by MRAC (The initial takeoff is removed). A figure of the absolute error is also provided in Fig. 13b . Based on the two figures, we find out that a pure PID controller is not able to track the command well in the given time period due to the ground effect. The drone is more than 1 cm away from the target altitude at the end of each takeoff and landing phase with a pure PID controller, and we need a manual intervention to bring down the vehicle at the very end of the experiment. As a comparison, both MRAC controller help to mitigate the ground effect significantly and allow the vehicle to reach the target altitude with an absolute error smaller than 0.25 cm. It can also land the vehicle stably and safely without any human intervention. A video demonstrating different performances can be found on our lab's Youtube channel: https ://www.youtu be.com/watch ?v=y926-YTZKi s.
The performance at different altitudes is presented in Fig. 14 , in which the vehicle is commanded to hover at different distances above the ground. We select the time length between two sequential commands to be 10 s and compare the tracking performance of three controllers. The altitude response is plotted in Fig. 14a and we calculate the mean absolute error at different heights and plot them in Fig. 14b . As noticed, the MRAC and PID controllers both follow the command well when the vehicle is outside the ground effect region. Then the PID controller starts losing its tracking performance when the altitude is lower than 6 cm and, as a result, the vehicle can not reach the target position in the given time. The PID controller keeps suffering from the ground effect until it climbs above 10 cm and regains its normal performance eventually. As a comparison, two MRAC controllers track the targets well for the entire trajectory and the MRAC with RBFs has a smaller mean absolute error than the MRAC with a linear model. The result also validates our previous conclusion that the ground effect on our platform is significant when Z∕R ≤ 4.4.
To quantify the performance of each controller, we conduct another set of experiments which the vehicle is commanded to different altitudes and we record its response during the takeoff and landing. The heights we selected are 6.2 cm ( Z∕R ≈ 4 ), 4.2 cm ( Z∕R ≈ 3 ) and 2.2 cm ( Z∕R ≈ 2 ) above the ground so that all of them are in the ground effect region. The maximum recording time for two MRACs are 20 s while the PID controller is selected to be 40 s in order to capture its full transient response. For each commanded Tables 6,  7 and 8, which include the steady state error with respect to the step command (SSE), the mean squared error with respect to the reference model (MSE) for two MRAC controllers, rise time, overshoot and the settling time. Note that since the altitude can not be lower than the ground, we do not have the overshoot during the landing phase. Also, the settling time for the PID controller exceeds the maximum recording time, we don't have the value for it as well. Compare the performance indices in three tables, the MRAC controllers have less steady state error than the PID controller for both takeoff and landing phases. The rise time and settling time for a PID controller is quite long in the ground effect region compared to the response in Fig. 12 and as a result, it is not able to track the altitude command well. The situation becomes even worse when the commanded altitude is closer to the ground. Meanwhile, the MRAC reduces the rise time by at least 80% compared to a PID controller and thus allow us to take off and land the vehicle in time. What's more, the MRAC w/ RBF has at least a 45% smaller MSE and 15% shorter rise time than the MRAC w/ linear, thus stands out among all three controllers. Although the MRAC w/ RBF shows the best performance, it needs to compute seven parameters online, compared to MRAC w/ linear which only needs to update two during the flight. The additional computational load puts some constraints on its use, for example, on an embedded system which has limited power. In that case, a linear model MRAC can be utilized since it still improves the system performance significantly while it has less requirements on the computing power.
Discussion
In our experiment setup, we do not consider the wind because the drone was flying indoors. However, the wind can cause additional aerodynamics forces and needs to be considered if flying outside and when the wind speed is high. Modeling the wind effect is out of the scope of this paper. In addition, we used a motion capture system to retrieve the real-time position of the vehicle. The motion capture system can achieve a centimeter-level accuracy. But for a standard drone which only has the GPS and barometer, the poorer altitude accuracy may degrade the performance of our controller. This can be improved by using an ultrasonic sensor and it should achieve a same performance.
We are more interested in the tracking performance of altitude command in this paper so the MRAC is only added to the z direction. But MRAC can also be added to the other axes if the vehicle is doing some close ground maneuvers and with a non-zero attitude angle. Considering that a nonzero attitude angle will completely change the ground effect model and our controller design, we want to leave this as our future work.
Conclusion and future research
In this paper, the model of ground effect on mini quadcopters is studied first. Different from the single rotor model which indicates a quadratic relation, our experimental result shows that the thrust generated by rotors to hover in the sky has a linear relation with the distance from the ground surface. The thrust will increase as the vehicle gets closer to the ground. Also, the model will switch from the linear relation to a quadratic function when the separation distance between rotors is large enough and we observed this transition from the experiment.
A model reference adaptive controller is used to mitigate the ground effect in our control architecture. The control architecture consists of a LQR feedback + feedforward attitude controller, and a PID + MRAC position controller. The MRAC is added to the altitude loop to improve the altitude tracking performance. When designing the MRAC, we consider two different uncertainty models to approximate the ground effect function. One is a linear model and the other one is a set of RBFs. The performance of our controller is evaluated through a series of flight tests on a mini quadcopter and compared to a pure PID position controller. Based on the experiment result, our controller outperforms a traditional PID controller which is not able to either reach the target altitude during take off or touchdown during landing in time. The vehicle with MRAC implemented can track the altitude command well and reduce the rise time by at least 80% of a pure PID controller. Furthermore, our result shows that the MRAC with RBFs has a better performance than the MRAC with a linear model as it has a 45% smaller mean square error and a 15% shorter rise time.
This paper focuses on tracking performance of the altitude command under ground effect, but ground effect also affects longitudinal and lateral movement if the quadcopter has a non-zero attitude angle. In the future, model reference adaptive controllers can be added to x and y directions to overcome the model uncertainty as well. Also, the attitude control can be improved by using a full state feedback controller with attitude command error feedback terms.
